Objectives. The primary aim of this study was to evaluate generalized joint hypermobility (GJH) according to the Beighton scoring system in an Australian population. Secondary aims were to identify whether the commonly used Beighton score cut-off of 54 is appropriate, and to suggest age-and sex-specific Beighton score cut-offs across the lifespan.
Introduction
Generalized joint hypermobility (GJH) is the ability of an individual to move their joints, either passively or actively, beyond the normal range of movement expected with respect to their age, sex and ethnicity [1, 2] . GJH is more prevalent in females than in males, and prevalence in both sexes decreases with age [35] . Furthermore, individuals from ethnic backgrounds such as Western Africa, Iraq and South Korea are found to have a high prevalence of GJH [68] . It has been established that GJH is attributable to either genetic inheritance or is acquired as a result of years of training or stretching [911] .
The Beighton scoring system is the most commonly used measurement tool for differentiating those with and without GJH [12, 13] . First proposed in 1973 as a simple epidemiological screening tool, the Beighton score was not intended to be used as a clinical tool for quantifying the extent of joint hypermobility. The nine-point scoring system is comprised of six points for upper limb movement, two points for lower limb movement and one point for combined lower limb and spinal movement [3] . Despite being heavily upper-limb weighted, the Beighton scoring system demonstrates good content validity in paediatric populations and high interexaminer reproducibility at all ages [1418] . Furthermore, the Beighton scoring system constitutes one of the two major criteria of the Brighton criteria [19] and Villefranche criteria [20] , which are used for diagnosing individuals with Joint Hypermobility Syndrome and EhlersDanlos Syndrome, Hypermobility Type, respectively.
Despite numerous epidemiological studies, age-and sex-specific Beighton score cut-offs that differentiate those with and without GJH have not yet been well defined [3, 12, 13] . A range of cut-offs from 54 to 58 have been used within the literature [12, 13] , with the arbitrary cut-off of 54/9 the most commonly used and accepted [1, 21] . However, due to the wide range of cut-offs used, the reported prevalence of GJH varies greatly. In paediatric populations, prevalence is reported to range from 1 to 83% [13, 22] . Therefore, the recent consensus of many researchers is that those classified as having GJH should be at the extreme of joint mobility for their population [12] . If one assumes that 95% of the population in each category of age and sex lie within the range of being normally mobile, cut-offs should be established as the Beighton score that identifies the uppermost 5% of the study population, consistent with the standard when quantifying any variation from normal [23, 24] .
The purposes of this study were to first report the distribution of Beighton scores in a normal healthy Australian population across the lifespan. Second, we aimed to identify any significant differences between Beighton scores with respect to age, sex and ethnic categorization and to compare these differences with values in the existing literature. Third, we aimed to identify whether the most commonly used arbitrary Beighton score cut-off of 54 is appropriate for identifying individuals with and without GJH. Finally, we aimed to propose Beighton score cutoffs for age groups with respect to sex.
Methods

Study design
This study was conducted as part of the 1000 Norms Project [25] . The 1000 Norms Project was a cross-sectional observational study that assessed physical performance and self-reported health in 1000 healthy individuals aged 3101 years. The project received the institutional Human Research Ethics Committee approval (2013/640) and informed consent was obtained from all participants. No separate approval was required for this study, as it was covered by the approval for the 1000 Norms Project.
Recruitment
A volunteer cohort was recruited by means of a highly structured convenience sampling strategy. The strategy was chosen as it was the most efficient and convenient method for recruiting participants for this type of study. Furthermore, this particular method of recruitment reduced the risk of information [26] , sampling and volunteer bias [27, 28] . Participants were recruited across New South Wales, but the area of focus was the Sydney metropolitan area. The focus area for recruitment was selected because it represented a similar socio-economic mix to that of the greater Australian population [29] . Participants were recruited through a variety of advertising media (such as print, radio and social media) and through contact with council and community groups as well as tertiary and vocational education institutions.
Participants
One thousand participants aged 3101 years were recruited (Table 1) . Participants were included if they considered themselves healthy for their age and were able to participate in age-appropriate activities of daily life. Participants were excluded for any of the following: inability to follow age-appropriate instructions; self-reported health conditions or factors affecting physical performance; diabetes mellitus; malignant cancers; demyelinating, inflammatory and degenerative neurological conditions; pregnancy; class 3 obesity (BMI >40) or history of major surgery affecting physical performance [25] . Participants were categorized into age groups, and further categorized as either Caucasian or non-Caucasian according to a similar ethnic classification that was collected in the Australian Bureau of Statistics census [30] . The ethnic classification was self-reported, and participants The Australian population data is sourced from the Australian Bureau of Statistics [47, 48] ; the non-Caucasian data is Non-British/European Ethnicity [48] .
could nominate the ethnic group(s) with which they most identified. If participants only classified themselves as one or more of North-West/Southern and Eastern European, or American or Oceanic, they were categorized as Caucasian. If participants classified themselves in addition to one of the above, or only as, North African/ Middle-Eastern, South/North-East Asian, Southern/ Central Asian, Indigenous Australian or Sub-Saharan African, they were categorized as non-Caucasian.
Measures and procedures
The Beighton scoring system was utilized to assess GJH, and one point was given to each manoeuvre that satisfied the items that determined whether a body part was hypermobile (as outlined below), with the total score ranging from 0 to 9 [3] . Each participant was measured bilaterally for items 14, and measurements for items 13 were assessed with a universal goniometer (Baseline, Fabrication Enterprises Inc., White Plains, NY, USA).
Items
The five Beighton items were scored according to the following criteria. First, the fifth digit was scored as hypermobile if the MCP could be extended >90 . Participants were seated on a chair with their arm supported on a plinth, elbow flexed to 90 and forearm pronated. The examiner passively extended the fifth digit. Second, the elbow was scored as hypermobile if it could be extended >10
. The participant was seated on a chair with the shoulder in 90 of forward flexion, forearm supinated and the arm supported by a rolled up towel superior to the elbow joint. The examiner passively extended the elbow. Third, the knee was scored as hypermobile if it could be extended >10
. The participant was seated on the plinth and the examiner passively extended the knee. Fourth, the thumb was scored as hypermobile if the whole thumb could be opposed onto the wrist. The participant was seated on a chair with their shoulder flexed to 90 , elbow extended and hand pronated. The participant was asked to try and lay their whole thumb against the flexor side of their forearm. Finally, the trunk and lower limb were scored as hypermobile if the standing participant could easily place both palms flat on the floor, immediately in front of their toes, keeping their knees straight.
Statistical analysis
Descriptive statistics were used to summarize participant characteristics. After assessing for normality with the use of the ShapiroWilk statistic, Spearman's correlation was utilized to determine whether there was a significant relationship between age and Beighton scores across the lifespan. MannWhitney U tests were used to determine whether there were significant differences in Beighton scores between the sexes both across the lifespan and separately within the seven age categories, and between Caucasians and non-Caucasians across the lifespan.
To determine whether the arbitrary cut-off of 54 was appropriate to use for individuals in all age groups and in both sexes, a binary logistic regression was conducted. If the arbitrary cut-off of 54 is appropriate, there should be no greater likelihood/possibility of being classified with GJH due to an individual's age or sex, that is, those classified with GJH should physiologically demonstrate GJH. Hence, likelihoods with significance values >0.05 for age and sex would demonstrate that there is no greater possibility of being classified with GJH simply due to an individual's age or sex, and the cut-off of 54 would be appropriate to utilize. Furthermore, results from the classification table were used to determine the falsepositive/negative rates as well as the sensitivity and specificity of the Beighton scoring system if a cut-off of 54 is utilized across the lifespan.
Based on the above analyses, age-specific cut-offs were established within the seven age categories. Sex-specific cut-offs within the seven age categories were only established if the MannWhitney U test showed a significant difference between sexes for that age category. Cut-offs established the Beighton score that identified the uppermost 5% of participants within the age categories. Across all tests, an alpha of 0.05 was utilized to assess significance. Data analysis was performed using IBM SPSS Statistics for Windows, version 22.0 (Armonk, NY: IBM Corp).
Results
An inspection for normality of the Beighton scale with use of the ShapiroWilk test indicated there was both a highly significant skewness (zskew = 19.91) and kurtosis (zkurtosis = 11.79), P < .001; therefore, non-parametric tests were used. Spearman's correlation indicated a significant, moderate negative association (r = À0.54, P < 0.001, n = 1000) between the ordinal structure of age and Beighton scores across the lifespan, indicating that as age increased Beighton scores decreased (Fig. 1) .
Across the lifespan, females demonstrated significantly higher Beighton scores compared with males (z = À5.21, P < 0.001, n = 1000). However, according to the defined age categories, this difference was specifically demonstrated from age 14 and onwards (Table 2 ). An analysis of ethnic categorization indicated that non-Caucasian participants had higher Beighton scores than Caucasian The binary logistic regression model using the most accepted arbitrary cut-off of 54 revealed that age and sex were significant predictors of GJH [ 2 (2) = 163.04, P < 0.001, n = 1000) (Table 3) . Overall, the regression model indicated that when a cut-off of 54 was applied, females were 68.7% more likely to be classified with GJH compared with males ( Table 3) . The results for age indicated that for every 1 year increase in age, the probability that any sex would demonstrate GJH using a cut-off of 54 decreased by 5.5%. Finally, the classification table (Table 4 ) from the logistic regression indicated a false-positive rate of 60.0% and a false-negative rate of 12.4%, with the Beighton scoring system having a sensitivity of 0.8% and a specificity of 99.3% if a cut-off of 54 was used to determine GJH.
Based on these findings, if one assumes that 95% of the population in each category of age and sex lie within the range of being normally mobile, the Beighton score closest to the uppermost 5% and establishing cut-offs for GJH in this Australian cohort for females are suggested to be 56 aged 37 years, 55 aged 839 years, 54 aged 4059 years, 53 aged 6069 years and 52 aged 70+ years. For males the suggested cut-offs are 55 aged 37 years, 54 aged 839 years, 52 aged 4059 years and 51 aged 60+ years.
Discussion
In the Australian population, Beighton scores decreased for all participants across the lifespan at a similar rate for both females and males. In regards to sex, from the age of 14 years, females had significantly higher Beighton scores This study also demonstrated that utilization of the arbitrary cut-off 54 led to a greater likelihood of females and of younger ages being classified with GJH. Indeed, when using a Beighton cut-off score of 54 for the entire population, a high false-positive rate of 60% occurred, suggesting overestimation of prevalence. Hence, utilizing a single cut-off does not appear suitable for the entire Australian population for discerning those with and without GJH. Finally, due to the low sensitivity of the Beighton scoring system, it is strongly advisable that the scoring system should not be utilized as the sole assessment tool for the diagnosis of GJH. The present study concerning assessment of GJH is in agreement with two separate seminal studies [3, 5] , which demonstrate that Beighton scores decrease across the lifespan. However, our results indicate that mean Beighton scores across the lifespan are lower in Australians for both sexes when compared with agematched people of Tswana [3] . This difference seems attributable to either ethnic differences between Tswana and Australian populations or to differences in the method of assessment. Furthermore, the present study determined Beighton scores in Australian individuals over 70 and observed further reductions in Beighton scores to 42 for both sexes, suggesting that GJH is not a feature of older age. It seems age-related joint degeneration and lower activity levels may explain the loss of tissue extensibility.
In addition, the two pivotal studies considering Beighton scores reported the majority of participants scoring between 0 and 2 across the cohort, without a percentage distribution within their selected age groups [3, 5] . As statistically demonstrated in the present study and other more recent epidemiological studies assessing GJH [7, 31] , this is an inaccurate representation of Beighton scores across the lifespan and will result in many younger individuals being classified as having GJH if normal is considered as 0, 1 or 2 and a cut-off is based on these scores. In our opinion, those classified with GJH should physiologically demonstrate GJH, and there should be no greater likelihood of being classified with GJH due to an individual's age.
Within the literature, it has been widely reported that females have higher Beighton scores compared with males [12, 31] . There is conflicting evidence for whether this difference is statistically significant at all ages across the lifespan [3, 5] . It was established in the present study that females had significantly higher Beighton scores across the lifespan; however, according to our age categorization, the difference was specifically significant from age 14 onwards. This finding is in agreement with the findings of many studies [11, 13, 14, 3239 ], yet in disagreement with several [12, 4042] that examined whether significant differences in Beighton scores are apparent between sexes either before or after the ages of 1314 years. Reports as to why such a difference might exist around this age are thought to pertain to hormonal changes and puberty affecting joint mobility [12] . Much of the research surrounding this topic has been conducted on the effects hormones have on the anterior cruciate ligament, and findings suggest that oestrogen affects the metabolic properties of this ligament, and hence the extensibility [43] . However, further investigation is required into exactly what hormonal changes and underlying mechanisms occur at this age to affect generalized joint mobility, especially in females.
The currently utilized Beighton cut-off of 54 was found to be only appropriate for females aged between 40 and 59 years and males aged between 8 and 39 years in an Australian population. Hence, the present study is in agreement with several authors, who suggest the reported prevalence of GJH in children and adolescents of both sexes and adult females is likely to be too high [7, 1214] . For example, if the arbitrary cut-off was utilized, the prevalence of GJH in an Australian population aged 37 years would be reported as 32% for females and 27.5% for males. Hence, increasing Beighton score cut-offs in this population seems appropriate because this would result in a smaller proportion of children being classified as having GJH, and from this classified group, those who truly demonstrate GJH would be identified for earlier provision of any necessary management. Additionally, it seems the cut-off of 54 is too low a cutoff for females for much of their adult lives. As demonstrated, females are 68.7% more likely to be classified with GJH if a single cut-off is utilized for both sexes. Therefore, this study agrees with the recent proposed shift of the cut-off for females becoming 55 [1] , specifically, from the ages of 339 years in an Australian population. Only one other study has established age-and sex-specific cut-offs statistically [12] ; this study also reached the conclusion that female cut-offs should be raised. It is recommended that appropriate cut-offs be validated in other countries, particularly in those with different ethnic groups. An issue concerning the Beighton scoring system is that it has only been content-validated through a single study and only for a Caucasian paediatric population [14] . Hence, no investigations have been conducted into the appropriateness of the scoring system on a variety of populations of different ages, sexes and ethnicities. The Beighton scoring system also that suggests GJH is of a dichotomous presentation, rather than a continuous entity with a magnitude that varies based on the number of joints affected and the extent to which each of these joints is affected [44] . Furthermore, the scoring system only covers a small sample of joints in the body and assesses only one plane of motion of these joints. Hence, reliance on these joints for GJH classification may lead to hypermobility being missed in other joints and in other planes of motion.
Our study has some limitations. The present study agrees with the consensus that overall, non-Caucasians tend to have higher Beighton scores compared with Caucasians [5, 6] . However, the 1000 Norms Project was not specifically set up to investigate Beighton scores and ethnicity, so an equal number of nonCaucasians were not recruited to establish this relationship at an age-category level. However, in view of the Beighton scores obtained in epidemiological studies in non-Caucasian populations, significant differences would be expected to exist within age categories if an appropriate number of non-Caucasians were recruited [68] . A statistical limitation for establishing cut-offs in this study was identifying the Beighton score exactly delineating the highest 5% of the study population. In 1965, the American Academy of Orthopaedic Surgeons presented the idea that variation from normal joint mobility refers to that outside two S.D.s of the mean of joint range of motion [22] . It was later proposed that if a scoring system is used when identifying those with GJH, then the same method be applied to create cut-offs [23] . However, as the Beighton scoring system consists of ordinal data, utilizing this methodology would be incorrect with statistical standards [12] . Therefore, the decision was made in the present study to identify the Beighton score cut-offs that were closest to value delineating the uppermost 5%, which correlates to 2 S.D.s above the mean. This allowed for greatest accuracy in determining variations from the normal range of movement.
In conclusion, if assessing GJH with use of the Beighton scoring system, age-and sex-specific Beighton cut-off scores based on the uppermost 5% should be utilized. In this Australian cohort, cut-off scores for females are suggested to be 56 aged 37 years, 55 aged 839 years, 54 aged 4059 years, 53 aged 6069 years and 52 aged 70+ years. For males the suggested cut-offs are 55 aged 37 years, 54 aged 839 years, 52 aged 4059 years and 51 aged 60+ years. This is confirmed by the low sensitivity, high specificity and 60% false-positive rate obtained when the arbitrary cut-off of 54 was used on both sexes across the lifespan. However, as the Beighton scoring system demonstrated a specificity of 99%, if a Beighton score of 0, 1, 2 or 3 is demonstrated up to the ages of 40 years for males and 60 years for females, the clinician can rule out GJH. Furthermore, when clinically assessing joint mobility, to lower the risk of a false-positive diagnosis of GJH, further tests of hypermobility need to be utilized. Such tests as the Lower Limb Assessment Score could be used to improve the validity of the diagnosis [45] .
Importantly, as a Beighton score of 54 is a major criterion within the Brighton Criteria for diagnosis of Joint Hypermobility Syndrome, as is a Beighton score of 55 within the Villefranche Criteria for EhlersDanlos Syndrome, Hypermobility Type, examination into whether the score is appropriate as the sole quantification of GJH is warranted.
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